Up to 2002, Hellenic Solid Waste Management (SWM) policy specified that each of the country's 54 prefectural governments plan its own SWM system. After 2002, this authority was shifted to the country's 13 regions entirely. In this paper, we compare and contrast regional and prefectural SWM planning in Central Macedonia. To design the prefectural plan, we assume that each prefecture must be self-sufficient, and we locate waste facilities in each prefecture. In contrast, in the regional plan, we assume cooperation between prefectures and locate waste facilities to serve the entire region. We present a new multicriteria mixed-integer linear programming model to solve the location-allocation problem for municipal SWM at the regional level. We apply the lexicographic minimax approach to obtain a ''fair'' nondominated solution, a solution with all normalized objectives as equal to one another as possible. A solution to the model consists of locations and technologies for transfer stations, material recovery facilities, incinerators and sanitary landfills, as well as the waste flow between these locations.
Introduction
Municipal solid waste (MSW), commonly known as trash or garbage, consists of everyday items such as product packaging, grass clippings, furniture, clothing, bottles, food scraps, newspapers, appliances, paint and batteries. If not dealt with properly, waste can create serious environmental and health problems. In this paper, we focus on MSW management in the region of Central Macedonia in Greece. We develop a mixed-integer linear programming model with multiple objectives to solve the location-allocation problem, including the technology selection of transfer stations, material recovery facilities (MRFs), incinerators, and sanitary landfills. Our model is more comprehensive and complex than the models in the literature, as we consider different waste processing technologies in MRFs and incinerators. We take economic and environmental criteria into account.
Our research does not involve real decision makers (DMs) from prefectures of the region. We assume that all objectives are equally important, and we aim for a ''fair'' solution, i.e., a solution with all normalized objective function values as close to one another as possible. A popular fairness-oriented approach in the literature is the lexicographic minimax (see e.g. [17, 19] ). Lexicographic minimax solutions are also called lexicographic max-ordering [9] , lexicographic centers in location problems [20] , and nucleolar solutions in game theory [18] . A variant of this approach, lexicographic maximin, is used for telecommunication network design (see e.g. [21, 23] ). Following Ogryczak et al. [21] , we discuss the conversion of the original lexicographic minimax problem to a lexicographic minimization problem. This enables us to use the standard sequential algorithm for lexicographic minimization. To the best of our knowledge, this paper presents the first attempt to apply the fairness concept of multiobjective optimization to solid waste management.
In Greece each region consists of a number of prefectures. Legislation in Greece specified that each prefecture of a region should plan its own solid waste management system. These plans were financially supported by the region. Recently the planning authority shifted to the regions. We apply our model to compare and contrast regional and prefectural solid waste management planning. In the prefectural planning, we look for the optimal location and allocation decision of waste facilities per prefecture taking into account multiple criteria. In the regional planning, we unite all prefectures in the Central Macedonia region and look for the optimal location and allocation decision of waste facilities that cover the needs of all seven prefectures in this region.
The paper is organized as follows. Section 2 contains an introduction to the municipal solid waste problem in Greece. Section 3 discusses the relevant literature. In Section 4, we provide the formulation of the model (the notation is in the Appendix). In Section 5, we provide a short review of multiobjective mathematical programming and lexicographic minimax approach. We also discuss the fair solution in this section. Section 6 contains our empirical results; namely an analysis of prefectural versus regional MSW management planning in Central Macedonia. Finally, we conclude the paper with a discussion of possible further research in Section 7.
Municipal solid waste management in Greece
As a country's population increases and its standard of living improves, its amount of waste production increases and its landfill space becomes scarce. The MSW production in Greece increased from 3900 thousand tons (kt) in 1997 to 4559 kt in 2001 (see Fig. 1 ). The Hellenic MSW consists mainly of organics (47%) and paper (20%), as illustrated in Fig. 2 .
MSW management in Greece is different than that of most European Union (EU) countries. The quantity of waste in Greece continues to be somewhat lower than in other European countries, reflecting a less intense consumption pattern. The composition of waste in Greece is also different, being high in biodegradable materials and low in packaging materials. These positive characteristics are balanced by certain negative features in the waste management sector. The high number of open dump sites (reduced from over 5500 in 1990 to 1260 in 2004) constitutes the most negative element, and the percentage of useful material recovered is low. [6] .
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Greece, within the framework of the EU, is planning its solid waste policy with the goals of protecting human health and preserving the natural environment. Greece has developed a comprehensive legislative system that harmonizes with the European legal framework. Various measures have been put in place for the integrated solid waste management (ISWM) policy. This policy promotes waste reduction programs, recycling, and energy recovery rather than landfills for waste disposal. The recycle-at-the-source programme, as part of the ISWM policy, has the following quantitative goals by the end of 2005: utilising 50-65% of the weight of packaging waste; recycling 25-45% of the weight of packaging waste; and recycling 15% of the packaging material [25] . In order to reach these goals, facilities for material recovery are constructed in various municipalities. In the future, Hellenic national legislation will continue to comply with EU regulations and directives on waste management. Greece and the EU aim for a significant decrease in the amount of waste generated, through new waste prevention initiatives, better use of resources, and a shift to more sustainable consumption patterns. Specific EU targets include reducing the quantity of waste disposed by 20% by 2010 and by 50% by 2050, with special emphasis on hazardous waste.
Greece consists of 13 administrative regions, which are further subdivided into 54 prefectures. We focus our discussion on the MSW management system of the Central Macedonia region situated in North Greece (Fig. 3) . This region has the largest area and the second largest population among all regions. It comprises 14.2% of the country's total area (18, 779 km 2 ) and consists of seven prefectures: Pieria, Imathia, Pella, Kilkis, Thessaloniki, Chalkidiki, and Serres, as shown in Fig. 3 . The areas and populations of these prefectures are shown in Table 1 .
In the region of Central Macedonia, 713 kt of waste was generated in 2001, from which only 10.5% ended up in sanitary landfills, whereas 39.6% and 49.9% ended up in uncontrolled and semi-controlled landfills, respectively.
The trend in total waste generation is shown in Fig. 4 . According to Greek legislation, until 2020, 50% (107 kt) of the estimated 214.5 kt of packaging material and 78.9% (450 kt) of the 570 kt of organics should be diverted from landfills to material recovery facilities.
The ISWM system is structured into four phases of collection, transportation, processing, and disposal [3, 13] . MSW collection initially involves picking up refuse at the sources via collection vehicles. Between the waste collection and the waste disposal stages, some processing operations such as separation, compaction, composting, and incineration, might be employed either to reduce the space needed to store the waste, recycle material, or recover energy. The conceptual framework of the waste flow system is presented in Fig. 5 . The waste flow starts from the waste producers and continues either to the transfer station, material recovery facility (MRF), incinerator (i.e., waste-to-energy facility), or sanitary landfill. At a transfer station, the MSW is unloaded from collection vehicles, held briefly, and reloaded onto long-distance transport vehicles for shipment to landfills or to other treatment or disposal facilities. An MRF processes recyclables in order to recover commodity-grade materials for sale, or a mixed-material fraction for processing or conversion, for example, into refuse-derived fuel (RDF) or compost. Composting is a biological process that converts organic material into a stable humus-like product called compost. Three MRF types are considered in this work: composting (aerobic digestion with material recovery), RDF-producing (aerobic digestion with material and energy recovery), and anaerobic digestion (material and energy recovery). Anaerobic digestion is a biological process that decomposes organic waste in order to produce biogas (CH 4 and CO 2 ) and fertilizer. It produces material and renewable energy, while reducing greenhouse gas emissions and the volume of waste going to sanitary landfills.
Incineration involves the destruction of organic and combustible waste at high temperatures (650-1100°C). Three incinerator types are considered, mass-burn, rotary kiln, and combined pyrolysis and gasification. The most common technology is mass-burn. It involves the combustion of unprocessed or minimally processed refuse. Mass-burn facilities process raw waste, which is not shredded, sized, or separated before combustion. Large items such as refrigerators and stoves, batteries, and hazardous waste materials are removed before combustion. A rotary kiln incinerator is beneficial when the municipal waste has high moisture content. It moves the trash through the combustion process and finally into the ash quenching pit. Pyrolysis and gasification are thermal processes that use high temperatures to break down waste containing carbon. Three phases are obtained after pyrolysis: solid (char), liquid (water and oils) and gas (light hydrocarbons, H 2 , CO and CO 2 ). The gasification process then breaks down the remaining hydrocarbons into low calorific fuel gas, which can be used as fuel for power and heat generation.
According to the waste flow shown in Fig. 5 , MSW management involves a number of issues, such as the selection of solid waste treatment technologies, the location of solid waste treatment facilities and landfills, the capacity-expansion strategies of the sites, waste flow allocation to processing facilities and landfills, partitioning the service territory into districts, selecting collection days for each district and waste type, determining fleet composition, routing, scheduling and monitoring collection vehicles, benchmarking waste collection services, etc.
Operational research and solid waste management
Computerised systems based on OR techniques can help decision makers achieve remarkable cost savings. As the waste problem gets more acute, site selection for waste facilities becomes conflict-ridden, and the decision is usually met with considerable local opposition, e.g., with BANANA (Built Absolutely Nothing Anywhere Near Anyone), LULU (Locally Unwanted Land Use), NIMBY (Not in My Back Yard), NOPE (Not On Planet Earth), or NOTE (Not Over There Either) arguments. Therefore, the solution should not be only cost effective but also environmentally and socially acceptable. Hence, the waste management facility location-allocation problem is characterised by multiple, often conflicting objectives. This condition has led several authors to propose multicriteria decision approaches to the problem. Multiobjective waste facility location-allocation models take environmental and economic criteria into account [4, 5, [12] [13] [14] , whereas single objective models consider only economic criteria [1, 2, 10, 11, 15] . Kirca and Erkip [15] proposed a location model of transfer stations to minimize the total transportation cost. This model accounted for the technology selection of loading-unloading facilities and for the type and number of transfer vehicles. Although the model is static, by experimenting with data from different prospected years, one can determine the timing of investment for transfer stations.
Caruso et al. [4] developed a location-allocation model for planning process plants and sanitary landfills for urban solid waste. They considered technologies of incineration, composting, and recycling for a process plant. Their model minimized the total cost (i.e., opening and transportation costs), amount of final disposal to the sanitary landfill, and environmental impact. They proposed an iterative heuristic method consisting of six (also iterative) heuristic procedures and run hierarchically to produce a subset of approximate efficient solutions using the weighted sum technique. Initially, the heuristic method considers the transport from waste producers to process plants. Once the plants for this first phase are located, transport to sanitary landfills is considered. The main cycle of the heuristic method is due to weight recomputation. The reference point method is then used to help the decision maker identify the final solution.
Karagiannidis et al. [14] proposed a set of multiple criteria, which cover social, environmental, financial, and technical aspects, for dealing with optimization of regional solid waste management. Karagiannidis and Moussiopoulos [13] proposed a modeling framework for regional solid waste management that accounted for the four level waste facility hierarchy: transfer station, material recovery facility, thermal treatment plant (i.e., incinerator), and sanitary landfill.
Hokkanen and Salminen [12] used the decisionaid method ELECTRE III to select a solid waste management system in the Oulu district in Northern Finland, with the following eight criteria: cost per ton, technical reliability, global effects, local and regional health effects, acidic releases, surface water dispersed releases, number of employees, and amount of recovered waste. Twenty-two alternatives under either decentralized or centralized management systems were examined, with various treatment methods such as composting, RDF-combustion, and landfill.
Antunes [2] developed a mixed-integer optimization model to determine the location and size of transfer stations and sanitary landfills. The model has as a single objective to minimize total transportation and opening costs, and was applied to central Portugal.
Chambal et al. [5] developed a multiple-objective decision analysis model to select the best MSW management strategy. This model is based upon the hierarchy of waste management objectives expressed by the decision maker. The value-focused thinking method helped to create the decision maker's fundamental objectives hierarchy. This hierarchy consists of a single overall (top-tier) objective, which is separated into an appropriate number of bottom-tier objectives. Each bottom-tier objective is then quantified into an evaluation measure score. The preferences of the decision maker, represented by weights associated with each objective, determine the conversion from evaluation measure scores to value units.
Model formulation
The proposed model is a mixed-integer linear programming model with multiple objectives with respect to economic and environmental criteria. The notations used for the formulation of the model are given in the Appendix. There are two kinds of variables used in the mathematical formulation of this model:
• 0-1 facility location variables u, v, w, x, where the variable has value one if the corresponding new facility is opened and zero otherwise, • continuous waste flow variables a, e, 1, f, h, g, i, j,d representing the quantity of flow between facilities.
We denote x as the vector of variables used in the model, i.e.,
x :¼ ðu; a; v; e; 1; w; f; h; x; g; i; j; dÞ:
The proposed mathematical model can be stated as follows: Given a set of waste producers and the set of potential locations for transfer stations, MRFs, incinerators, and sanitary landfills, find the location and typology of those waste facilities so as to satisfy the following five objectives, which are usually in conflict.
Minimize the greenhouse effect (GHE). The
greenhouse effect describes how greenhouse gases, including carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O) and chlorofluorocarbons (CFCs) in the earth's atmosphere absorb the amount of heat escaping from the earth into the atmosphere, making the earth's surface warmer. Waste processing in MRF (anaerobic digestion), incinerators and landfills is considered to be the source of greenhouse gases. We define the greenhouse effect as a product of the amount of waste in the facility, and the greenhouse emission coefficient associated with the facility or its typology. It is represented in ton of CO 2 -equivalent and CH 4 per year. The GHE objective function is formulated as
2. Minimize the final disposal to the landfill (FIDI), i.e., the total amount (in tons/year) of waste and/ or residue brought to all landfills from all waste producers and other facilities 
4. Maximize the material recovery (MR) (in ton/ year) from MRFs
5. Minimize the total cost (TC) (in Euro/day), which includes the installation or opening costs, transportation costs, and treatment costs. Hence, min TCðxÞ :¼ ICðxÞ þ Trans CðxÞ þ Treat CðxÞ; where
• installation cost IC(x): As installation cost, we consider the investment cost per tonne of waste
• transportation costs Trans C(x): In defining the transportation cost, the maximum distance between a waste producer and either a transfer station or sanitary landfill (25 km, based on the maximum one-way distance of collection trucks in daily trips) and the 100 km between a transfer station and a landfill are taken into account.
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• treatment costs Treat C(x)
The model includes the following constraints, which construct a feasible set denoted by X:
1. Service demand constraints, i.e., the amount of waste produced at a waste producer is equal to the sum of waste flow to other possible facilities
Mass input-output relation constraints
• No transfer station may keep the waste
• Reduction on the output of an MRF and incinerator determined by the mass preservation rate of the MRF and incinerator
3. Minimum amount requirement constraints, which ensure that a facility is opened, only if the minimum amount of waste processed by that facility is available 
• Incinerators: P n2E P r2D w n r 6 p w .
• Landfills:
6. Nonnegativity constraints for flow variables and binary variables on location decision variables.
The purpose of the multicriteria model is to find a nondominated solution. In the next section, we provide a brief review of the nondominated solutions, and describe how a particular nondominated solution can be generated using this formulation. We are interested in a ''fair'' solution, where the normalized objective functions are as close to one another as possible.
Lexicographic minimax approach to find a fair solution
The multiple-objective mathematical programming (MOMP) with K conflicting objectives can be formulated as Min f ðxÞ ¼ ðf 1 ðxÞ; . . . ; f K ðxÞÞ s:t:
where x is an n-dimensional vector of decision variables, X is the decision space, and f(x) is a vector of K real-valued functions. The objective (or criterion) space, denoted by Y, is defined as Y :¼ {y :
We refer to the elements of the objective space as outcome vectors. In general, there exists no solution that simultaneously optimizes all objectives in MOMP. Instead, we focus on Pareto optimal solutions. If f i (x) 6 f i (x 0 ) for all i = 1,. . . , K and f j (x) < f j (x 0 ) for at least one j, then we say x dominates x 0 . A solution that is not dominated by any other is called Pareto optimal. A Pareto optimal solution cannot be improved in all objectives simultaneously, i.e., x * 2 X is Pareto optimal if and only if there exists no x 2 X such that f(x) 6 f(x * ) and f(x) 5 f(x * ). If x * is a Pareto optimal solution, f (x * ) is called efficient and both x * and f(x * ) are called nondominated. Hence, Pareto optimality is defined in the decision space and efficiency is defined in the objective space.
The concept of a ''fair'' efficient solution is a refinement of the Pareto optimality. Suppose that all objectives f 1 , . . . , f K are in the same scale (if not, a priori normalization should be applied). A feasible solution x 2 X is called the minimax solution of the MOMP (1) with K objectives, if it is an optimal solution to the problem 
Hence, the minimax solution is the solution that minimizes the worst objective value. Moreover, the minimax solution is regarded as maintaining equity as described by the following theorem (the maximin version of this theorem appeared in [21] ). 
The optimal set of the minimax problem (2) always contains an efficient solution of the original multiple criteria problem (1). However, if the optimal solution is not unique, some of them may not be efficient (see e.g. [20] ). This is of course a disadvantage, despite of the equity property of the minimax solution. To resolve this problem, a refinement technique is needed to guarantee that only efficient solutions are selected in case there are multiple optimal minimax solutions. We discuss in the following a lexicographic minimax problem as a refinement of this minimax problem.
If we consider minimizing also the second worst objective value, the third worst objective value, and so on, then we will obtain a lexicographic minimax solution. Let a = (a 1 , a 2 , . . . , a K ) and b = (b 1 , b 2 , . . . , b K ) be two K-vectors. We say vector a is lexicographically smaller than b, a < lex b, if there is index j 2 {1, . . . , K À 1} such that a i = b i for all i 6 j and a j+1 < b j+1 . And we say a is lexicographically smaller or equal b, a 6 lex b, if a < lex b or a = b. Furthermore, let H : R K ! R K a map which orders the components of vectors in a nonincreasing order, i.e., Hðy 1 ; y 2 ; . . . ; y K Þ ¼ ðy h1i ; y h2i ; . . . ; y hKi Þ with y h1i P y h2i P Á Á Á P y hKi , where y hii denotes the ith component of H(y). The lexicographic minimax problem is formalized as lex min
A feasible solution x 2 X is a lexicographic minimax solution if its outcome vector is lexicographically minimal with respect to H(f(x)), i.e., 
In the following we state some properties of the lexicographic minimax problem (see [7] for the proofs): Property (b) together with Theorem 1 guarantees that the lexicographic minimax model generates efficient solutions with perfect equity, whenever such an efficient solution exists. Property (c) implies that all optimal solutions have the same H-objective values, but the order might be different. For example, y 0 = (4, 1, 2) and y 00 = (2, 4, 1) have different order but H(y 0 ) = H(y 00 ) = (4, 2, 1). Moreover, the set of lexicographic minimax solutions itself might be large. This property enables us to present some alternative solutions to the DMs without worrying about the differences in the objective values. Properties (d) and (e) suggest that the lexicographic minimax approach is an appropriate tool when the decision maker is totally indifferent to the criteria and the performance is measured at least on ordinal scale [7] . The multiobjective problem (1), therefore, is replaced with the lexicographic minimization problem (4).
The concept of lexicographic minimax solution is known in the game theory as the nucleolus of a matrix game. The solution concept of the lexicographic minimax is a refinement of the minimax solution concept. Therefore, a natural idea to solve the lexicographic minimax problem is to identify all the minimax solutions and to sort their objective value vector in a nonincreasing order to find the lexicographically minimal one (see [7] for discrete problems). For the case of multiobjective linear programming, one can use the sequential optimization with elimination of the dominating functions ( [16, 17, 21] for the lexicographic maximin). This method depends heavily on the convexity of the feasible set. Ogryczak et al. [21] proposed a formulation that transfers any lexicographic maximin problem (either convex or nonconvex) to a lexicographic maximization problem. Following this idea, we now describe how to transfer any lexicographic minimax problem (either convex or nonconvex) to a lexicographic minimization problem. We define an aggregated criterion # i ðyÞ ¼ P i j¼1 y hji expressing the total of the i-worst (the largest) outcomes. For a given outcome vector y, # i (y) for i = 1,. . . , K, can be found as the optimal value of the following integer programming (IP) problem:
s:t:
Since the coefficient matrix of (6) is totally unimodular, we can relax (7) to 0 6 u ij 6 1 that results an LP formulation for a given outcome vector y. This problem becomes nonlinear when y is considered as a variable. To overcome this difficulty, we can use the dual formulation of the LP version of (5)- (7) as follows:
Consequently, we obtain
which can be re-formulated as Consequently, the following assertion is valid.
Theorem 2. A feasible vector x 2 X is an optimal solution of problem (4) if and only if it is the optimal solution of the aggregated lexicographic problem lex min # 1 ðf ðxÞÞ; . . . ; # K ðf ðxÞÞ Following Theorem 2, the lexicographic minimax problem (4) can be solved as a lexicographic minimization problem with linear objectives lex min
This formulation is valid either for convex or nonconvex X.
Despite of its interesting properties, there are only a few applications of lexicographic minimax (or lexicographic maximin) approach. It originated in game theory in early 60s, which has been later refined to the formal nucleolus definition (see the review in [18] ). This approach has been generalized to an arbitrary number of objective functions [24] and used for linear programming problems related to multiperiod resource allocation [16] , for linear multiple criteria problems [18] , and for discrete problems [7, 8] . The lexicographic minimax turns out to be a special case of the so-called ordered weighted averaging (OWA) aggregation for the multicriteria problems, introduced by Yager in late 80s (see [21, 26] ). Furthermore, the fairness concept of the lexicographic minimax has been investigated in [18] and used for several applications such as equitable resource allocation problems [16] and telecommunication network design [21] [22] [23] .
MSW planning in the Central Macedonia region
In this section, we contrast regional and prefectural solid waste management planning. In the prefectural planning (Section 6.1), we look for the optimal location and allocation decision of waste facilities per prefecture taking into account the five objectives discussed in Section 4. In contrast, in the regional planning (Section 6.2), we unite all prefectures in the region of Central Macedonia and look for the optimal location and allocation decision of waste facilities that cover the needs of all seven prefectures in this region.
Prefectural planning
The number of waste producers and possible sites for waste facilities are different for each prefecture, as shown in Table 2 . The maximum distance between a waste producer and a destination facility (transfer station or landfill) should be 25 km. This distance limit, however, can be increased when transportation of waste takes place among transfer stations and material recovery facilities or incinerators, because such facilities cannot be densely placed in one area. There are already two transfer stations in the south east of the Greater Thessaloniki area and in Nea Michaniona, in the prefecture of Thessaloniki. Moreover, to avoid social problems, we stipulate that there should be no more than two sanitary landfills in each prefecture.
By multiplying all maximization objective functions by À1, we get the following multiobjective minimization model: are the minimum and the maximum value of f i (x), respectively. Table 3 Table 4 gives the optimal solutions obtained by individual optimization of the objectives for each prefecture. Table 2 shows that there is no incinerator location in Kilkis. Moreover, the minimum capacity of MRF facilities (composting and anaerobic digestion) in Kilkis exceeds the waste supply. Therefore, no MRF facility is considered in a feasible solution for this prefecture. Consequently, the only source of the greenhouse effect and energy recovery is the sanitary landfill. As we have only sanitary landfill and transfer station, the values of greenhouse effect, energy recovery, and final disposal are the same for every feasible solution as shown in Table 3 . Moreover, since material recovery is contributed only by the MRF facility, its value is always zero. Hence we can consider a single objective, namely minimizing the total cost, for this prefecture. Now, we implement (14) with objective functions f i ðxÞ, i = 1,. . . , K :¼ 5 for each prefecture to obtain a fair solution. We use CPLEX 8.1 to solve the mixed-integer linear programming problem.
In Table 5 , we summarize the results for each prefecture (we show only the optimal objective values and f i ðxÞ for iteration 5). Note that it is not necessary to implement (14) for Kilkis since it has a single objective to be minimized. There is no prefecture which has normalized objective functions satisfying perfect equity f 1 ðxÞ ¼ Á Á Á ¼ f 5 ðxÞ. However, Pella has nearly perfect equity. The fair solutions for each prefecture are summarized in Tables 6  and 7 . In total, 63.3% (see Table 7 ) of waste goes to the final disposal at the sanitary landfills while 23.3% of it goes directly from the waste producers. Moreover, building an incinerator (of any type) is not recommended.
Regional planning
In the regional planning, we unite all prefectures in Central Macedonia and look for the optimal location and allocation decision of waste facilities that cover the needs of all seven prefectures in this region. Therefore, we have 134 waste producers with a total of 2230 tonnes of waste per day, 29 possible sites for locating transfer stations, 9 possible sites for locating material recovery facilities, 6 possible sites for locating incinerators, and 22 possible sites for locating sanitary landfills. Moreover, there should be, at most, 14 opened sanitary landfills. This combination implies that the mixed-integer programming model (in Section 4) has 337 constraints and 942 variables with 73 binaries among them. Each linear programming problem in each iterative process can be solved by using CPLEX 8.1. Table 8 gives the optimal solutions obtained by individual optimization of each objective.
In single-objective optimization, Tables 4 and 8 show that the regional planning is only slightly better (about 1%) than the prefectural one with respect to all objectives: energy recovery (0.43%), material recovery (0.76%), total cost (1.08%), greenhouse emission (0.02%), and final disposal (0.02%). A low level of collaboration between the prefectures is the main reason for these insignificant differences. In a problem with higher collaboration between prefectures, the regional plan would be more clearly superior to the prefectural plan. A fair solution is summarized in Table 9 for the region. Table 10 suggests that 66.86% of waste goes to the final disposal at the sanitary landfills while 41.8% of it goes directly from the waste producers. Moreover, building an incinerator (of any type) is not recommended. We also show the detailed solution for the Pella prefecture in Fig. 6 . This figure shows the inter-prefectural collaboration between Pella and Imathia, where waste flows from Leianovergi (in Imathia) and Krya Vrisi (in Pella) to Giannitsa (in Pella) and Makrochorion (in Imathia). Table 11 contrasts the fair solutions for prefectural and regional solid waste management planning. This table shows that regional plan does not dominate prefectural plan (in fact, the regional plan is better only in the total cost objective). The regional plan has 5.4% more disposal to sanitary landfills than the prefectural plan. Consequently the regional plan requires more sanitary landfills and produces 4.8% more greenhouse emissions. Less waste flow to MRF facilities also explains why the regional plan recovers less material and energy. Note that a composting MRF does not recover energy and the material recovery coefficient of an anaerobic digestion MRF is three times higher than its energy coefficient. Therefore, the prefectural plan recovers only slightly (0.31%) more energy but recovers significantly (5.7%) more materials than the regional plan. Nevertheless, the smaller number of MRFs results in the regional plan costing 7.1% less than the prefectural plan.
However, note that the analysis so far is based on the fairness concept. If we ignore the fairness issue, it is possible to generate a regional solution that costs more, but recovers more energy and/or material than the current one. For example, the solution that maximizes the material recovery in Table 8 reduces the greenhouse emission from 19,573.6 to 15,565.2 (by 20.5%), reduces disposal from 66.9% to 44.1%, and increases material recovery from 123,992 to 236,976 (by 47.7%), in comparison to the solution from Table 11 . Yet these benefits come at a steep increase in cost from 172,726 to 280,377 (by 38.4%) and decrease in energy recovery from 144,403 to 123,470 (by 14.5%). To allow for a thor- 
Concluding remarks
We presented a new mixed-integer multipleobjective linear programming model, which helps to solve the location-allocation problem of municipal solid waste management facilities in the Central Macedonia region in North Greece. We considered five objectives: (1) minimize the greenhouse effect, (2) minimize the amount of final disposal, (3) maximize the amount of energy recovery, (4) maximize the amount of material recovery, and (5) minimize the total opening, transportation, and processing costs. The multiobjective problem is formulated as a lexicographic minimax problem in order to find a fair nondominated solution, a solution with all normalized objectives as equal as possible. We discussed how to replace the original lexicographic minimax problem with the lexicographic minimum problem.
The model is applied to compare and contrast the prefectural and regional planning for MSW management. Obviously, it is possible to get better results with the regional plan than the prefectural plan since the feasible region of the regional plan is a relaxation of that of the prefectural plan. However, our computational experiments with data from Central Macedonia show that the gains achieved by moving from prefectural to regional plan are minimal since the waste flow between prefectures is small. Of course, this depends on the data and there may be other instances where regional plans dominate prefectural plans by a wider margin. Assuming that all objective functions are equally important, the regional plan we generated is superior to our prefectural plan only on the total cost objective.
An immediate extension of this research would be to involve DMs in finding the best compromise solution. In this case, more attractive solutions than those presented in this paper may be achieved. As well, other interactive approaches to solving the MOMP problem can be applied and compared. Another possible extension is to apply the model to solve the problem of regional hazardous waste management, which might require only a mild modification on the set of constraints. However, in that case transportation and disposal risks as well as social opposition must be taken into account.
stations to a MRF at site q 2 P with typology m 2 V, i.e. c Incinerator (waste to energy facility) D set of possible sites for the location of an incinerator E set of possible typologies for an incinerator w n r binary variable for locating an incinerator at site r 2 D with typology n 2 E f n ir quantity of waste (in ton/day) variable generated by a waste producer i 2 I and carried to an incinerator located at site r 2 D with typology n 2 E h ln pr waste flow (in ton/day) variable from a transfer station located at site p 2 P with typology l 2 M to an incinerator at site r 2 D with typology n 2 E d n r waste flow (in ton/day) variable to an incinerator at site r 2 D with typology n 2 E, i.e., waste flow from all waste producers and transfer stations to an incinerator at site r 2 D with typology n 2 E, i.e. d lower limit capacity (in ton/day) of incinerator at site r 2 D with typology n 2 E h n r upper limit capacity (in ton/day) of incinerator at site r 2 D with typology n 2 E q n r waste flow (in ton/day) from an incinerator at site r 2 D with typology n 2 E C GHE n emission coefficients for greenhouse effects (in ton of CO 2 -equivalent of CO 2 and CH 4 day/ton of waste year) from facilities in an incinerator with typology n 2 E C E n Energy recovery coefficients (in MW h day/ ton year) from an incinerator with typology n 2 E C M n Material recovery coefficients (ton.day/ton of waste.year) from an incinerator with typology n 2 E f 
